Steroid hormone biosynthesis in the adrenal cortex is controlled by adrenocorticotropin (ACTH), which increases intracellular cAMP, resulting in the activation of cAMP-dependent protein kinase (PKA) and subsequent increase in steroidogenic gene transcription. We have found that a dual-specificity phosphatase (DSP) is essential for conveying ACTH/cAMP-stimulated transcription of several steroidogenic genes in the human adrenal cortex. In the present study, the role of MAP 
INTRODUCTION
The role of ACTH is to assure that optimal steroidogenic capacity is maintained in the adrenal cortex. This is achieved, via the actions of cAMP, by maintaining transcriptional pressure on the genes encoding the steroid hydroxylases (CYPs) and 3β-hydroxysteroid dehydrogenase (3βHSD) (1, 2) . cAMP activates PKA ultimately leading to increased gene transcription via the binding of various transcription factors to cAMP responsive sequences that lie within the promoters of steroidogenic genes (1, (3) (4) (5) (6) (7) (8) (9) . The direct target of PKA has yet to be determined, however, we have demonstrated that the cAMP-stimulated gene expression of multiple steroidogenic genes in the human adrenal cortex is mediated by phosphatase activity (10,11). Using various selective inhibitors of either serine/threonine or tyrosine phosphatase activities, we found that the mRNA levels of both mitochondrial and microsomal steroidogenic gene products are dependent on the activity of a dual-specificity phosphatase (DSP) (10,11). cAMPstimulation of H295R cells resulted in the dephosphorylation of SF-1, as measured by immunoprecipitation of SF-1 after in vivo labeling with [ 32 P] orthophosphate (10).
Moreover, inhibition of the extracellular signal-regulated kinase (ERK) pathway mimicked cAMP-dependent transcriptional activation of hCYP17 expression in H295R cells, indicating a role for a mitogen-activated protein kinase (MAPK) pathway in regulating transcription of steroidogenic genes in the adrenal cortex (10). Taken together, these findings lead us to postulate that the target of PKA is a DSP, which leads to the dephosphorylation of SF-1.
MAPKs are regulated through reversible phosphorylation, where activation is catalyzed by their cognate dual-specificity MAPK kinases (eg. MEK), and inactivation is 4 primarily achieved by a group of MKPs (12) . Ten MKPs have been identified (13) (14) (15) (16) (17) , one of which (MKP-1) is induced in pheochromocytoma PC12 cells by agents that increase intracellular cAMP (18) .
Based on our previous studies suggesting a role for the dephosphorylation of SF-1 in ACTH/cAMP-mediated steroidogenic gene expression (10,11), the findings of other laboratories implicating a role for protein phosphatase activity In steroid hormone biosynthesis (19, 20, 21, 22) , and other studies suggesting cross-talk between the MAPK and ACTH/cAMP pathways (23, 24) , we hypothesized that a DSP, via dephosphorylation of SF-1, played an integral role in cAMP-dependent hCYP17 gene expression. supplemented with 10% Nu-Serum I (BD Biosciences, Palo Alto, CA), 0.5% ITS Plus (BD Biosciences, Palo Alto, CA), and antibiotics.
Transient transfection and reporter gene analysis.
Cells were subcultured onto 12 well plates and 24 h later transfected with a hCYP17 57-pGL3 reporter plasmid (27) . The hCYP17 57-pGL3 construct was generated by ligating double stranded oligonucleotides corresponding to the region -57/- 
RNA Antisense.
Phosphorothioate-modified oligonucleotides (28) (29) (30) (31) (32) were obtained from Qiagen/Operon (Alameda, CA). H295R cells were transfected with MKP-1 antisense (G*G*A*ACTCAGTGGAACTC*A*G*G) or scrambled negative control (A*G*G*TCCTGAAAGCGAAG*T*C*G) oligonucleotides, as previously described (33) .
For ERK gene silencing, cells were transfected with ERK antisense (A*T*G*GCGGCGGCGGCGGCG*G*C*T) or ERK negative control (G*C*A*CAGCCGCCTGCCGCC*G*C*C) oligonucleotides (34 Immunoblotting was carried out using anti-MKP-1 (1:5000 dilution) or anti-ERK2
(1:10,000 dilution) that were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Protein expression was detected by the ECL+ Western blot detection kit (Amersham
Pharmacia Biotech, Piscataway, NJ) using a protein G-peroxidase conjugated protein (Calbiochem, San Diego, CA).
Metabolic labeling and Immunoprecipitation.
For in vivo labeling, H295R cells were cultured in 100 mm dishes. The media was changed to either phosphate-free DME media containing 0.5 mCi/ml of [ Radiolabeled cells were harvested and nuclear extracts isolated as described above.
For immunoprecipitation assays nuclear proteins were incubated with anti-MKP-1 antiserum and protein A/G agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4•C with rotation. The mixture was then centrifuged and the supernatant removed. Beads were washed three times with RIPA buffer [150 mM NaCl, 50 mM Tris-Cl, pH 8.0, 5 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.2 mM PMSF, 10 µg/ml aprotinin, 10 µg/ml pepstatin, and 10 µg/ml leupeptin], then twice with PBS and resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer for SDS-PAGE (10% gel). Gels were stained with Coomassie blue, dried and subjected to audioradiography to detect 32 P-or 35 S-labeled proteins.
GST fusion protein preparation and in vitro phosphorylation.
MKP-1 was PCR amplified using a 5' primer containing a BamH1 site linked to the first codon of MKP-1 and a 3' primer containing a HindIII site. The BamH1-HindIII digest of the PCR products were cloned into BamH1-HindIII digested pET42b(+) (Novagen, Milwaukee, WI). For preparation of GST fusion proteins in E. coli, 5 ml of overnight cultures were dilluted 100 times, induced with 1 mM isopropyl-γ-thiogalactopyranoside (IPTG), and grown further for 20 hours. Bacteria were pelleted and resuspended in 20 ml of PBS containing 50 mM EDTA (pH 8.0), 1 mM DTT, 0.2 mM PMSF, 10 µg/ml aprotinin, 10 µg/ml pepstatin, and 10 µg/ml leupeptin. The bacteria were incubated with lysozyme (1 mg/ml) for 15 minutes on ice, and the cells were disrupted using a sonicator. The suspension was centrifuged (39,000 x g) for 25
minutes, and the supernatant was incubated with 500 µl of a 50% slurry of glutathioneagarose beads (Novagen, Milwaukee, WI) for 30 minutes at 25ºC. The beads were then washed three times with PBS and suspended in 250 µl of PBS containing 2 mM DTT and 50% glycerol and stored at -20ºC. Calbiochem, San Diego, CA). The reactions were stopped by the addition of EDTA (2 mM final concentration). The beads were then washed three times with PBS and resuspended in SDS-PAGE gel loading buffer for SDS-PAGE (10% gel). Gels were stained with Coomassie blue, dried and subjected to audioradiography to detect 32 Plabeled protein.
Statistical Analysis.
Data from transfection assays were expressed as the percentage of the mean of the control group in each experiment. One-way analysis of variance and the NewmanKeuls test were used to determine differences among treatment groups. Astericks denote significant difference from control, p<0.05.
RESULTS

cAMP Induces MKP-1 mRNA and Protein Expression.
Agents that increase intracellular cAMP were found to induce the mRNA expression of MKP-1 in PC12 cells (18) . Moreover, we have previously shown that both serine/threonine and tyrosine phosphatase activities are required for cAMP-dependent gene expression of steroidogenic genes in the human adrenal cortex (10,11). Thus, we first examined whether the DSP MKP-1 was expressed in H295R cells and was responsive to Bt 2 cAMP. Cells were treated with 1 mM Bt 2 cAMP for 30 minutes to 4
hours, then harvested for analysis of MKP-1 mRNA expression. As shown in Figure 1A , MKP-1 mRNA expression was significantly induced by cAMP within 30 minutes. This induction was maximal after 1 hour and decreased by 4 hours ( Figure 1A) . Further, unlike the cAMP-dependent mRNA expression of steroidogenic genes which is CHXsensitive (3, 26, 37, 38) , the induction of MKP-1 mRNA by cAMP was not attenuated by CHX ( Figure 1B ). MKP-1 protein expression levels were also measured over the same time course ( Figure 1C ). An increase in MKP-1 protein expression was observed within 30 minutes, maximal after 2 hours and began to decline after 4 hours exposure to Bt 2 cAMP ( Figure 1C ).
MKP-1 over-expression activates hCYP reporter gene activity.
In order to determine the effect of MKP-1 on the transcriptional activity of 
SF-1 Transactivation Ability is Dependent on Phosphatase Activity.
SF-1 is essential for increased steroidogenic gene expression. Previous studies have shown that both basal and cAMP-dependent hCYP17 transcriptional activity is dependent on complex formation of SF-1, p54 nrb , and PSF (27) . Moreover, SF-1 was found to be dephosphorylated in response to cAMP stimulation (10). To further characterize the role of phosphatase activity in SF-1-mediated steroidogenic gene transcription, H295R cells were transfected with the hCYP17-pGL3 reporter construct and a SF-1 expression plasmid. Cells were treated for 12 h with OA, ETL, PV, bpV, DPN, or CyA and harvested for luciferase activity assays. As shown in Figure 4 , SF-1 significantly increased the transcriptional activity of the hCYP17 57 bp construct.
Administration of both serine-threonine (OA, ETL) and phosphotyrosine (PV, bpV, DPN) phosphatase inhibitors completely attenuated SF-1-mediated transcriptional activity.
OA and ETL significantly reduced SF-1-mediated transcriptional activity of the hCYP17 57-pGL3 construct below basal levels. CyA, a PP2B (calcineurin) inhibitor, had no significant effect on SF-1-mediated luciferase activity.
Effect of MKP-1 Gene Silencing on hCYP17 gene expression.
Thus far, the data presented in this paper demonstrate that the synthesis of MKP-1 is stimulated by cAMP in H295R cells and is an in vitro target for PKA. Figures 5C and 5D ). In contrast, the scrambled negative control oligonucleotide had no effect on cAMP-stimulated MKP-1 and hCYP17 mRNA expression ( Figures 5A and 5C ). In the present study we have clearly demonstrated that MKP-1 is the essential phosphatase in regulating hCYP17 in human adrenal cortex. Cross-talk between the MAPK and ACTH/cAMP pathways has been described in human adrenal cortex by our laboratory (10,11) and by others (23, 24) . We demonstrate that MKP-1 mRNA and protein levels are rapidly induced by Bt 2 cAMP in H295R cells and that overexpression of MKP-1 stimulates reporter gene activity driven by the hCYP17 CRS. This increase in MKP-1 expression precedes increases in hCYP17 mRNA expression, temporally confirming the role of MKP-1 in the cAMP-dependent transcription of hCYP17.
Effect of ERK1/2 Gene Suppression on hCYP17 Expression.
DISCUSSION
However, it is possible that another unidentified intermediary protein(s) are involved in the pathway between PKA and increased hCYP17 gene expression.
As shown in Figure 3 , PKA phosphorylates MKP-1 in vitro and that in vivo Recently it was found that phosphorylation of SF-1 at serine-203 enhances its stability and transcriptional activity (40) . It was also shown that the levels of by guest on July 17, 2017
